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Abstract
_____
Machine tool vibration has and will be an issue in industry as long as shaping by
means of physical material removal continues to be used. Developing a machine
that can accommodate this natural vibration that occurs in the cutting process is a
goal for every new machine design at the Gleason Works, Rochester. Knowing the
vibration signature of a machine is very helpful in determining critical and non-critical
cutter excitation frequencies. An analytical frequency analysis of simplified virtual
models was completed to aid in the design process of the new Gleason GP130
Hobber. To determine the accuracy of these results, a production GP130 hobber
hob column and hob head area was analyzed statically. Experimental mode shapes
of the structure were extracted in a frequency range from 0
- 150 Hz and compared
with analytical predictions. Correlation between the experimental and analytical sets
of results is presented using the Modal Assurance Criterion. The frequency data
found for the GP130 machine is used in determining whether various hob cutter
tooling selections fall in a critical excitation range of the machine.
in
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1. Introduction
CNC gear hobbing machine design is very challenging due to the large
number of variables that contribute to how the physical components of the machine
react during the operating process. Multiple degrees of freedom are necessary to
develop the formed geometry of gears and the mechanical aspect of controlling
accurate placement of the machine components all while subjecting the machine to
operating dynamics involves careful design considerations. One important fact in
the world of machine tools that creates a part by material removal is that cutting
conditions are capable of exciting the machine's natural frequencies. If and when
this excitation occurs, the consequences of a possible design flaw can ultimately
lead to production parts containing process defects. A common problem attributed
to vibration in rotating cutting machinery is premature machine component failure.
This vibration damage is most prevalent in bearings, due to the irregular loading
conditions. In cutting machine tools, the finished part surface can have irregular
patterns due to tool
"chatter"
that is a direct result of machine component deflection
due to the excitation of the machine's natural frequencies. If the machined gear is
installed in the final application, these surface defects can be the cause of operating
noise and accelerated wear. Therefore, these part deficiencies are unacceptable
and it is the engineer's goal to design a machine capable of producing parts within
desired quality tolerances all
while maintaining the largest window possible of
operating schemes and
conditions.
To help engineers in the design and
development process of a new concept,
the departments at the Gleason Works, Rochester, have chosen to create virtual
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component models of machines using Pro/Engineer Parametric software. These
models are used for visual aids in product literature, to generate detail drawings and
also to develop process code for manufacturing. The GP130 CNC gear hobberwas
the first machine that the Gleason Works used Parametric software to design and
manufacture. Overall, the production process of the machine has been a great
success. Build times and re-works were minimized due to the effective use of the
design and build software. During the design of the GP130, simplified models of the
large machine components were created, assembled and a frequency analysis was
run with ANSYS FE code to determine the mode shapes and natural frequencies of
the machine. The results of this analysis were used to identify problem areas and
make applicable design modifications.
Analysis in the engineering field today has become increasingly reliant on
software and finite element analysis programs. Finite element analysis (FEA)
packages allow us to perform modal, thermal, stress and other forms of analysis
without the cumbersome requirement of producing a physical prototype and
spending weeks in the lab acquiring and analyzing data. Often, while developing a
finite element model, an analyst is forced to simplify the physical representation of
the component features because the computing time necessary to reach a solution
increases exponentially with more model complexity. It is also sometimes necessary
to substitute complex mechanical components with specifically chosen elements that
simulate the properties of the replaced feature. For example, the geometry and
components of a pneumatic cylinder in an assembly could be replaced with a
spring/damper element combination to accurately simulate the properties of the
cylinder. Depending on how critical the desired analysis is, a simplified model may
be suitable to generate acceptable results. However, whenever a model is
simplified, some confidence is lost in the finite element analysis solution's accuracy.
This thesis will have a two-fold goal. First, to determine the vibration
signature of the hob column and hob head area components of the GP130.
Experimental and Analytical modal (vibration) results will be correlated in a Modal
Assurance Criterion test to determine their relative accuracy, and the emerging
natural frequency values of the machine components will be presented. Second, the
frequency data found will be used to map ranges of acceptable cutter excitation
frequencies. Several existing cutters will be checked against this data to identify
combinations that may cause detrimental excitation of the machine.
While the reliability of using the simplified models is determined and critical
cutter frequencies are found, the results of this test will also be used by the Gleason
Works to enhance future design studies.
2. Theory
Frequency analysis is most commonly performed to study the characteristics
of structures in order to prevent excessive dynamic response amplification due to
loads (resonance). Undamped linear elastic structures when initially displaced into a
certain shape will oscillate indefinitely with the same shape but with varying
amplitudes. These shapes are called mode shapes. The corresponding frequencies
are called the natural frequencies of vibration. Resonance occurs in a system when
the frequency of the applied load equals one of the natural frequencies of the
structure. In this thesis, mode shapes and their corresponding natural frequency
values from two frequency analyses are being compared. One set of results is
derived from output generated by FE software ANSYS 5.4, and the other from
experimental modal testing. These results compared are in the form of mode shape
data. Before presenting the comparison theory, a brief history of each specific
analysis and how the results are generated will be explained in the following sub
sections.
2.1 Analytical Analysis (ANSYS Finite Element Software)
The current revolution of the finite element method had its beginnings in the
work of Courant (1943) when he proposed the use of triangular elements and the
principle of minimum total potential energy in a study of the St. Venant torsion
problem. [2]
The concept of breaking large assemblies into smaller manageable
analytical
"sub-studies"
in modern engineering was introduced through the
aerospace industry in the 1950's. In 1960, Clough coined the term "finite
element,"
and since then the use of the finite element method has exploded exponentially and
become even more widely used by other engineering disciplines with the evolution of
the computer age. [2]
There are three fundamental steps in the Finite Element Method.
1 . Discretization: This process defines breaking the domain of the problem into a
finite collection of smaller sub-domains or elements. This process is more
commonly referred to as
"meshing."
Where the elements join together a
"node"
is formed. The "degrees of
freedom"
for a node is comprised of the allowed
translation and rotation in three dimensions that are possible.
2. Over each element the physical process is approximated by functions of desired
type (polynomial or others) and algebraic equations relating physical quantities at
the nodes of the element are developed.
3. The element equations are assembled using continuity of physical elements of
the problem and the solution to the whole is sought.
The analytical vibrations analysis in this thesis uses finite elements to solve for
the modal parameters of the system. The governing equation for dynamic vibration
analysis using the finite element method is:
where;
[M]
- System Mass Matrix
[C]
- System Viscous Damping Matrix
[K]







{F(t)} - time-dependent force vector
For the modal analysis in this case, it can be assumed that damping is small so [C] =
0, and the equation is simplified as follows:
[MKu}+[K]{u}={F(t)} (2-2)
This differential equation becomes a standard eigenvalue problem, which first deals
with the homogeneous component of the solution of the equation:
[MM+|K]{u}=0 (23)




- Vector of constants dependent on the initial conditions
co
- Frequency (rad/s)
Substituting the harmonic solution into the dynamic equation of motion results in:
tK]-c02[M]Xu}={0} (2.5)
Knowing that the size of the {u} (mode shape) eigenvector is quantity N, this
equation then represents N equations. There are also N unique characteristic
values for the
co2
(square of natural frequency) eigenvalues that satisfy this equation.
In simpler terms, there is a specific natural frequency value for every unique mode
shape. Finite element codes usually have several techniques for extracting the
eigenvalues and eigenvectors from this set of equations. The method chosen in
ANSYS to be used in the GP130 analysis was called the Block Lanczos Method.
Without delving into the mathematical solution of this data set, it should be known
that the eigenvector solved for in this finite element vibration analysis does not
contain the absolute magnitudes. It only represents ratios or relations between the
displacements, and contains an unknown scalar multiplier. This is why the
eigenvector is commonly referred to as the mode
"shape."
The process used in ANSYS to develop the frequency data is typical to most
FE software packages and generally conforms to the following steps.
1 . Identify the type of analysis and create the model geometry.
2. Mesh (discretize) the model using an element selection based on the
geometry and the type of solution desired (frequency, thermal, stress, etc).
3. Apply material properties and boundary conditions to the model.
4. Run the software algorithm set to solve to a predetermined level of
convergence.
5. Examine results in post-processing
In the analysis of the GP130, steps 1 & 2 are where the simplification of the
models occurred. Based on the mathematical theory used to solve for the
eigenvectors and eigenvalues, it is very evident that an increased quantity of
elements has a quadratic relationship with the size of the matrices and a linear
realtion to the size of the vectors used to develop the solution. The obvious way to
minimize the number of elements used in a model is to increase the mesh size.
When the mesh size is increased there will be a point when small intricate features
in a model will be absorbed by the fact that the element itself is larger than the
feature. Therefore following this logic, many small features are removed from the
model. Also, several complex assembly components are replaced with simple
elements.
2.2 Experimental Analysis (Modal Testing)
For the specific application of validating results from a FE model, all that we
require from the modal test are accurate estimates of natural frequencies and
descriptions of the mode shapes with enough detail to permit their identification and
allow for correlation with those from the theoretical model. The history of modal
testing developed in parallel with the advent of Finite Element Analysis. An
important publication by Kennedy and Pancu in 1947 described methods of modal
testing that were used in aircraft structure design to obtain accurate values of natural
frequencies and damping levels for years following. (1] The 1960's brought a period
of rapid development of more precise analysis techniques, which allowed for more
complex testing. By the 1 970's, modal testing as we know it today had its
beginnings with the development of the computer and great advances in electronics
and digital analyzers.
Modal analysis is based around the basic relationship of a system's response
to harmonic excitation. If the response of and the input to the system are measured,
than the vibration characteristics of the system can be completely defined.
Therefore to measure and apply these unknowns, it can be understood that the
three major items in a vibrations analysis are:
1 . An excitation system
2. A transduction system to measure the various parameters of interest
3. An analyzer to extract the desired information from the acquired data.
In the analysis of the GP130, two excitation systems were used to generate
data. For an initial exploratory analysis to determine the system response range, a
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"modal"
hammer was used. This instrumented hammer is used to hit the structure
at predefined point(s) while a force transducer mounted behind the head of the
hammer measures the input force to the system. This form of exciting a structure is
refered to as impact excitation. It is unique in that all of the harmonic components
are input to the system with the same phase. In theory, an ideal impulse represents
a uniform distribution of energy over the entire frequency spectrum. However, an
impluse is impossible to achieve because it implies the form of infinite height and
zero width. The best we can simulate this impulse condition is with a
"modal"
hammer that applies a finite pulse of small time width and high amplitude. The
properties of the modal hammer, most often tip durometer and actual hammer mass,
can be adjusted for unique system requirements, and also concentrate the excitation
around the system frequencies of interest. For example, a soft hammer tip will
produce a larger pulse in the time spectrum, thus concentrating the excitation energy
around the lower frequencies. A harder tip will narrow the pulse width in the time
spectrum and concentrate the energy of excitation in a higher frequency range. The
size of the modal hammer is directly associated with the energy required to excite
the system. By far, measureable response data can be achieved with a relatively
low excitation force. However, the sheer physical size of a system may require a
larger hammer for effective excitation.
Unfortunately, some difficulties usually arise when using a modal hammer to
excite a system. The most common problem is when the hammer contacts the
system multiple times during one intended hit. This can usually be solved with a
force/rectangular window on the input, which imposes a prescribed profile on the
time signal. If this window is short enough, only the initial impact will be recorded
and eliminate the corruption of the data from double hits.
A more stable method of excitation used to generate mode shapes can be
realized with an electronically controlled mechanical shaker. The most common
forms of this type of shaker are electromagnetic and electrohydraulic.
Electromagnetic shakers are very similar in design to an audio loudspeaker.
However, instead of driving a speaker cone, the voice coil
"drives"
the physical
structure as dictated by the input signal. It would have been possible to use an
electrodynamic shaker for this test, but the equipment was not available and an
electrodynamic shaker capable of exciting a large mass structure such as the
GP130 would have to be quite large. For the GP130 study at the Gleason Works,
an electrohydraulic shaker was available for use. This shaker uses the input signal
from an analyzer and an electronically controlled hydraulic system to excite the
structure. The force was applied to the structure through a stinger connected
between the actuator and the structure itself. A stinger generally has the
characteristic of being axially stiff so the force can be applied to the test subject, but
at the same time relatively flexible in the other degrees of freedom. This is so
additional moments and secondary forces are not applied on the test structure due
to the dynamics of the stinger. The input force was measured by a piezoelectric
force transducer mounted on the shaker in-line with direction of force.
To obtain the system response data, a piezoelectric accelerometer was used.
An accelerometer contains a small seismic mass mounted above piezo crystals in
the body. The force applied to the crystals represents the inertial force of the
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seismic mass due to relative motion. Analysis of the SDOF dynamic system reveals
that according to Newton's
2nd
Law, the output signal will be proportional to the
acceleration of the accelerometer body, and thus to the test structure itself. The
accelerometer is attached to the structure in this application using a thin layer of
wax. This method of attachment has an accepted frequency range of up to 10K
kHz, and the advantage of no structural preparation necessary. Care must be taken
to assure that the accelerometer does not fall off the test structure. Hard impact to
an accelerometer is often sufficient to permanently damage the crystal and render
the accelerometer unusable. Sizing of the accelerometer was not a concern in this
analysis as the test structure mass was magnitudes greater than the mass of the
accelerometer, and subsequent mass loading errors were impossible.
The most common form of the magnitude of the response of a system to a
harmonic forcing function is called the frequency response function (FRF). To obtain
the FRF experimentally, the data inputed from the force transducer on the shaker
and the accelerometer on the structure will be used. The form of the signals from
both the accelerometer and the force transducer are in the time domain and must be
sampled (converted to the frequency domain) by the analyzer before processing. To
do this, a Discrete Fourier Transform (DFT) is used to describe the time domain
signal in terms of a set of sinusoids. Some problems can occur during the process
of a DFT that are related to the theory of Fourier analysis. To prevent the possibility
of transforming data which has harmonics above the
highest detectable frequency of
the analyzer (The Nyquist Frequency), and causing aliased and duplicated signals,
anti-aliasing filters must be
used to eliminate this frequency content. The DFT
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assumes that the signal is periodic in nature, and is determined over a discrete
number of points. If the signal in the time domain is not periodic in the sampling
envelope, it will be impossible to represent that signal exactly in the frequency
domain. Instead, the signal will
"leak"
into neighboring frequency bins, giving a false
indication of the true frequency spectrum. To reduce the effects of leakage, a
process called windowing is commonly used. Windowing involves the imposition of
a prescribed profile on the time signal prior to performing the DFT. The profile, or
'windows'
are generally depicted as a time function, and force the time signal to be
periodic within the window. The shape of the time function can be modified
depending on the shape of the time record so important information is not
inadvertently suppressed.
The excitation signal chosen for the modal analysis of the GP130 is random
multisine. Random multisine is a synthesized signal that has bin-centered frequency
components which have random phase, but periodic signal properties. One of the
main advantages of the random multisine signal is that because of the periodic
nature, there will be no leakage errors in the DFT process, and windowing of the
time domain signal is not necessary. Fourier analysis is only valid when the time
signal x(t) is bounded, defined over the
time region - < t < , and satisfies:
J|x(t)|dt < oo (2.6)
When the time signal is random, special considerations must be made before the
DFT can be properly applied to the time
record because a random signal does not
satisfy eqn. 2.6.
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To manipulate the time data so it satisfies the requirements of the DFT, we
introduce and apply the autocorrelation function Rxx (t). This function is the average
value of the product [x(t) x(t + t)] computed along the time axis. The
autocorrelation function is used to identify periodic trends in data, and will always be
a real and even function of time. It can be written as
R(T) = E[x(t)-x(t + x)] (2.7)
Unlike the original signal f(t), the correlation function does satisfy the requirements
for Fourier transformation and thus we can obtain its transform. The resulting
parameter Sxx(co), is called the auto-spectral density, and is a real and even function
of frequency.
This concept can also be applied to a pair of functions x(t) and y(t). The cross
correlation function Rxy(t) is defined as
Rxy(x) = E[x(t)y(t + T)] (2.8)
The Fourier transform of the cross correlation function results in the resulting
parameter Sxy(co), which is referred to as the cross spectral density.
The Fourier transform is defined over frequencies from -> to +. Likewise,
the auto and cross spectral density functions are also defined over this domain.
However, it is more common in experiemental work to find the single sided spectrum
G used. G is defined over positive frequencies only, and can be described for the
auto spectral density as:
Gxx(co) = 2Sxx(co) for 0 < co <
o (2.9)
Gxx(co) = Sxx(O) for co = 0
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Similarly for the cross spectral density:
Gxy(co) = 2Sxy(co)
Gxy(CO) = Sxy(0)
for 0 < co < oo
for co = 0
(2.10)
The corresponding frequency response function for a system can be computed with
a ratio of the two spectral density functions describing the excitation and the
response signals to the system. Depending on which signal auto spectral density
function is used with the cross spectral density function, the FRF can be described
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Fioure 2. 1: Analyzer Data Flow Diagram
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Most analyzers allow you to choose which function Ht or H2 will be used to
compute the FRF. In this experiment, Hi was used to develop the FRF. For each
node tested in the modal analysis the analyzer generates an FRF for that location.
From this set of FRF data, it is desired that natural frequencies and mode
shapes for the entire system be extracted. The process used by STAR to determine
the modal parameters is explained in detail in Section 6. To outline briefly, STAR
compiles each individual FRF curve into a single composite response function.
From this function, the software can use typical SDOF methods as a useful means
of determining a single (average) value for the natural frequency and damping factor
for each mode. The individual resonance peaks are detected on the FRF plot and
the frequency of maximum response is taken as the natural frequency of the mode.
For each mode, the half-power points on the FRF are used with the natural
'
frequency to determine the damping factor. This data in combination with the
individual node FRF's can be used to generate a mode shape vector for each
natural frequency of vibration that presents itself in the system. This is the data that
is used in the comparison with the mode shape data extracted from the FE analysis.
2.3 Data Correlation
In order to compare the two set of mode shapes generated experimentally
and analytically, an accepted method of
correlation known as the Modal Assurance
Criteria (MAC) is employed. This technique is
based on comparing a set of mode
shapes from test results, with a set of analytical mode shapes. The MAC tests the
orthogonality between the
two sets of vectors in a scalar sense. Consider two
15
vectors of the same order to compare where {^iA} represents the
ith
analytical test












If the two vectors are identical, the MAC will be equal to one, thus depicting
correlation. So the measure of how good two-mode shape vectors match can be
seen in how close their MAC value is to unity. In practice, typical data is less than
ideal. Some reasons commonly attributed to this are non-linearities in the test
structure, noise in the measured data, or simply poor modal analysis of the
measured data. In any case, it is commonly accepted that MAC values in excess of
0.70 should be attained for correlated modes, with well-correlated modes achieving
MAC values of 0.90 or greater. Uncorrelated modes will usually have MAC values
less than 0.10. The MAC parameter can be expressed in matrix form to show how
neighboring modes compare.
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3. Analytical Modal Analysis
As outlined in the theory section, finite element analysis has emerged as a
widely used tool in mechanical engineering design due to the availability of
more
powerful personal computers. Analysis that once took days to run can now be
completed in hours or even minutes, making FE analysis a popular way to
check
and test designs in the everyday tasks of an engineer. The GP130 hobber project at
the Gleason Works was no exception. Many different analyses were run along the
way to verify the feasibility of new design concepts. This section will provide a
description of how the software at the Gleason Works was used to develop the
simplified model for analysis.
During the design phase of the GP130 hobber, engineers Tom Hagerty and
Craig Ronald in the New Products Group at the Gleason Works,
Rochester
developed representations of the GP130 critical components including the frame,
hob column, axial slide, hob head, tail-stock, and tailstock
column for stress and
vibrations studies. For vibration analysis of such large casting components,
the
models were simplified with the intent to optimize model complexity,
result accuracy,
and analysis run time. Small features and most final machining
processes are not
present in these models because they would not be accurately represented given
the mesh size and their affect on the
overall vibration signature would be minimal.
However, basic geometry shapes and assembly
methods that allow for manipulation
of the assembly into various operating
configurations, i.e.; hob column, hob-head
and tailstock positions, are
included. The machine model was positioned as follows
to accurately simulate
the modal test in the lab. Unfortunately, it should be noted
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that the machine configuration as shown in figure 3.1 is not a typical representation
of positions that the components would assume during cutting programs. The
machine was experimentally tested during the assembly process on the production
floor and this configuration matches the settings found for data correlation purposes.











Tailstock Housing 11.81 <X< 27.55 25.000











Figure 3. 1: GP130 Hobber FEA Model Machine Configuration
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The Gleason GP130 hobber uses a linear rail and slide bearing system to
constrain the position of the hob column, hob head, axial slide and tailstock housing.
Ball-screws are used to change the position of these components. A gear drive
mechanism is used to control the hob head angle with respect to the hob column.
These methods of controlling the position of the machine components are
geometrically complex and change dynamically when activated, i.e.; re-circulating
ball screws and gear mesh geometry. Including these intricate components in a
model intended for use in an analysis has a very negative affect on the time
necessary to reach a solution. Therefore it was necessary to simulate the properties
of these components and their assembly characteristics in the model using a library
of elements made available in the finite element software.
Using the Pro/Engineer FEM pre-processor an advanced spring-damper
element was chosen to simulate all of the systems. This element has longitudinal or
torsional capability in one, two, or three-dimensional applications. The longitudinal
spring-damper element is a uni-axial tension-compression element with up to three
degrees of freedom at each node. The torsional spring-damper option is a purely
rotational element with three degrees of freedom at each node. To simulate the
linear rail and slide bearing systems, longitudinal spring-damper elements were used
to assemble the two relative components at the location of the slide bearing trucks.
In each case, stiffness values for the slide bearing and rail interface were obtained
directly from the manufacturer data and are as
follows:
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Axial Load Stiffness of linear rail system 4285 ksi
Side Loading Stiffness of linear rail system 2198 ksi
To simulate each ball-screw component, a one-dimensional spring-damper
element was used and set at the maximum stiffness allowed for the element (=9e99)
to create a pseudo axially rigid link. Based on the geometry of the hob angle
mechanism, values of stiffness were determined to be very high because the
connection is rigid except in the rotational degree. The system was simulated using
eight 3-D spring-damper elements placed around the diameter. The stiffness values
are as follows:
Axial Load Stiffness of hob angle mechanism 9,000,000 ksi
A mixed mesh generation utility using quad elements was then used to mesh
the assembly. This method creates both shell and solid elements depending on the
geometry found by the meshing utility. Meshing in the Pro/Engineer FEM pre
processor resulted in 14,291 tetrahedral, 362 Triangle, 1436 quadrilateral, 4 basic
spring and 48 advanced spring
elements. All of the casting components of the
GP130 considered in this analysis are created using Gleason Works material
specification Gray Cast Iron #A. Following are the material properties:
Property Value (units)
Young's Modulus of Elasticity (Ex) 16.5
x106
(lb/in2)
Poisson's Ratio (NUXY) 0.33
Shear Modulus (GXY) 6.203
x106
(lb/in2)




Converting the model for import to ANSYS 5.4 was completed using
conversion software purchased by the GleasonWorks as a module for the
Pro/Engineer FEM add-on. The file generated by the converter can be imported
directly into ANSYS. For the intended vibration study of the GP130, the file was read
into ANSYS 5.4 linear solver for analysis. Figure 3.2 shows the meshed ANSYS
finite element model as imported into ANSYS containing a total of 16237 defined
elements and 6161 defined nodes.
Figure 3.2: Meshed ANSYS Model of GP130
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The ANSYS elements used in the model are the Shell63 Elastic Shell,
CombinU Spring-Damper, and Solid72 3-D 4-Node Tetrahedral Structural Solid with
Rotations. Element data as documented by ANSYS can be seen in Appendix B.
Because the motion between all the components is already described in the
model using the advanced spring elements, the only additional boundary conditions
necessary are for the machine as a whole. In a working environment, the GP130
hobber is supported by three pads, bolted to the production floor. Assuming that the
production floor is rigid, the nodes that coincided with these pad locations were set
as rigidly fixed, which limits all degrees of translation and rotation at these nodes.
Once the model components were verified to have converted and imported
correctly, a new Modal Analysis was launched. Section 2 may be referenced for the
theory behind this analysis. In short, ANSYS assumes harmonic sinusoidal vibration
for the structure. The eigenvalue problem (2.5) is obtained and solved to determine
the frequencies of natural vibration and the corresponding mode shapes. For the
GP130 analysis, modes included in the bracketed range of 0-150 Hz were targeted
for solution using the Block Lanczos method.
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4. Experimental Modal Analysis
Modal testing is, in effect, the process of constructing a mathematical model
to describe the vibration properties of a structure based on the test data, rather than
traditional analytical analysis. From this mathematical model the desired end-results
of values for the machine natural frequencies of vibration and the corresponding
mode shapes can be extracted. The basic theory of how this process unfolds can
be seen in Section 2 of this thesis.
The object of interest in this study, the Gleason GP130 hobber, is an
assembly of large cast iron components, therefore mass values are very large. It is
predicted that the predominant natural frequencies of vibration found in this analysis
will most likely be less than 200Hz. The experimental modal analysis is performed
on the actual machine components as assembled, but not in an operating
environment. Therefore, the acquired mode shapes will be static mode shapes of
the machine components and not dynamic operating mode shapes. Data in this
experiment is taken under controlled conditions using an external actuator to apply
in input force to the system, not the operating dynamics of the machine itself.
Results from this test will be used to check the accuracy of a simplified model
analytical analysis. The following describes how these results were obtained. The
names of the individual machine components can be seen in Figure 3.1 . The
coordinates used for analysis in the finite element software and modal testing is




Figure 4. 1: Test Coordinates
4.1 Preliminary Hammer Test
Unless the response frequency range of the system is known prior to the
modal analysis, it is generally common practice to perform a
"pre-test."
Before
conducting the controlled in-depth modal analysis of the GP130, a simple modal
hammer and accelerometer trial test was run to determine the range of expected
machine mode frequencies. The equipment used for the trial was provided by the
Gleason Works, and included a HP portable data acquisition unit, an accelerometer
and a commercial "modal
testing"
hammer with an integral force transducer. The HP
unit was capable of generating frequency response functions (FRF) by monitoring
the accelerometer input as well as the force transducer input from the hammer on
separate channels. A soft tip was used on the modal hammer to keep the energy
applied to the system in a range that would not overdrive the input range of the
accelerometer.
The machine was excited in the +Y direction using the modal hammer at 21
predetermined nodes along the side of the hob column casting while the
accelerometer was positioned at a common node. The machine was also excited in
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the +X direction and a similar process was used to generate FRF's for 27 nodes
combined on the hob column, axial slide, and hob head. For each node location, the
hammer was used to excite the structure 3 times to obtain an average and also to
check coherence between data sets so erroneous data would be discovered. For
each node, data was not accepted unless the coherence for the 3 sets was greater
than 90% or very close to 1 . At each node in the respective testing direction, the HP
spectrum analyzer generated frequency response functions.
The FRF's were examined for common peaks among the nodes. In the
X-
direction, six unique peak frequencies were discovered and in the Y-direction, four
unique shapes were discovered. The common "machine
mode"
natural frequencies
at which the X & Y FRF data presented a common mode shape were determined by
observation of the data. Four significant frequencies satisfied the requirements of a






By plotting the modes, the remaining frequencies in the X-direction proved to be
insignificant by observation. It was also determined that the 19.5 Hz mode was a
rigid body mode for the area of interest as
the entire hob column was bending about
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an axis located below the work surface in the frame of the machine. Using the data
from this pre-test, we will limit the modal analysis frequency of consideration from
0-
150 Hz.
4.2 Shaker Test Apparatus
The equipment used in the modal analysis of the physical machine was a
compilation of resources from the GleasonWorks and the Rochester Institute of
Technology. The following equipment found in the vibrations lab at RIT was used:
PCB accelerometer, PCB power supply, and desktop PC loaded with OROS-OR762
version 3.21 , 4 channel ICP signal analyzer, and SMS Star software. OROS is a
data acquisition interface software, and Star is a data analysis package capable of
curve fitting FRF's and generating animated mode shapes. The Gleason Works
provided a Tektronics type 422 oscilloscope, and complete Zonic hydraulic shaker
unit consisting of a Ralph W. Earl 10hp Hydraulic Pump, Zonic Actuator, Load Cell,
Master Controller and inertial mass.
Because multi-directional accelerometers were not available, and the shaker
was designed for horizontal use, the modal test was conducted in the X-direction
and Y-direction. At each data point, the accelerometer was attached by a press fit
using a thin layer of wax. Twenty-one data points along the operator's side of the
hob column were used to take data in the Y-direction and are shown in Figure 4.2.
Fifty-two data points, distributed on the hob column, axial slide, and hob head,





















Figure 4.4: X-Direction Nodes 18-31 on the Axial Slide
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tx:J
Figure 4.5: X-Direction Nodes 32-52 on the Hob Head
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To isolate the shaker from ground, the hydraulic shaker actuator/load cell unit was
attached to the inertial load mass, connected to the hydraulic pump and suspended
in position using straps to an overhead beam-mounted crane as shown in Figure 4.9
for the X-direction test. A heavy-duty stinger was used to interface between the
actuator and the X and Y excitation locations on the machine as shown in Figure
4.8. The placement of the shaker in both the X and Y excitation direction was limited
to the location of existing tapped holes in the component that the stinger could be
threaded into and not potentially cause damage to the component itself. The
placement of the stinger is labeled in Figure 4.2 for the Y-direction and Figure 4.4 for
the X-direction. The general shape of the mode shapes of the machine, as
determined graphically from results of the hammer test, revealed that the chosen
locations for the shaker do not coincide with a node line. This check was necessary
to ensure that the shaker could provide energy to the machine modes.
The test apparatus for the modal test of the GP130 hobber was connected as
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Figure 4.6: Modal Testing Eguipment Setup Diagram
The following photographs of the test set-up are specific to the X-direction
test. A photograph of the actual test components can be seen in figure 4.7.
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Figure 4. 7: Testing Eguipment
Figure 4.8: Close-up ofActuator, InertialMass and Stinger
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Figure 4.9: MechanicalApparatus Setup
4.3 Shaker Test Procedure
The first test to be completed was the modal test in the Y-direction. The
machine was set-up as described in Figure 4.6. The Zonic Master controller served
as the interface between the data PC analyzer and the hydraulic actuator. The
excitation signal generated by the PC analyzer was fed into the controller, which in
turn provided a uniform force signal in form of pressure variants to the electro-
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hydraulic shaker. The load cell signal was routed through an oscilloscope as a
protection measure to monitor the signal quality and strength before allowing the
signal into the PC analyzer. In the Y-direction the excitation location is near data
point 2 and is shown in figure 4.2. For the X-direction, the excitation location is near
data point 19 on the axial slide and is shown in figure 4.4.
The OROS software was used to generate the signal sent out to the hydraulic
controller. The signal generated for these modal tests in both directions was a
random multisine signal ranging from 0-200 Hz with an energy level of approximately
200 lbs. peak to peak signal strength. Given that the load cell at the shaker was set
for approximately 1 V / 250 lb, this kept the input signal to less than 1 volt which was
determined to be in the safe operating range for the data acquisition board.
The accelerometer was attached at a node point on the machine and OROS
was used to generate a frequency response function for that node by monitoring the
accelerometer as well as the force transducer on separate channels. An FRF was
generated at each of the 21 nodes in the Y direction and 52 nodes in the X direction
over a preset number of 20 averages for each node. As in the initial hammer test,
the data was not used unless the input signal coherence was in an acceptable
range.
After the data was taken, the frequency response functions for each node
were then imported into STAR, which was used to compile all the node data into a
pre-constructed geometric model for the x and y direction separately. STAR was
used for the post-processing of the data and how
STAR creates the output data will
be explained in Section 6. STAR'S output provides numerical values for each mode
35
shape of the system. STAR is also capable of generating an animated geometric
model for each mode, allowing the analyst to see the physical shape of the vibration
mode of the system.
36
5. Analytical Results
A successful run of the ANSYS modal analysis solver yields values for the
natural frequencies of vibration. Animated shapes can be generated to give the
viewer a physical understanding of how the system is responding at each mode. The











For each mode, ANSYS will generate mode shape displacement values for
each node in the system global coordinates. This feature of ANSYS is what is used
to develop the numerical mode shape data for our correlation study. To obtain this
shape data, nodes corresponding to testing locations in the experimental analysis
were selected on the model. For each node selected, displacement information was
then extracted in the corresponding test direction for each mode shape. This export
data from ANSYS can be seen in Appendix B. For the purpose of the correlation
study, this data was imported into
Microsoft Excel. Following are views of the








































Figure 5.2: ANSYS X-Direction Hob-Column Nodes
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As described in section 4, the FRF data constructed for each node in the
modal test is imported into a pre-constructed model in STAR curve fitting software.
The STAR geometric model and node assignments used in the X and Y direction














Figure 6.2: STAR ModelX-Direction Nodes
After the FRF data is imported into STAR, post-processing can be completed
to obtain the natural frequencies and mode shape data. The export data from this
analysis in the STAR software can be seen in Appendix A. It should be noted that
there was some signal noise in the FRF data. Peak values were still easily
identifiable, but some difficulty was realized when attempting to separate peak
values that were very close to each other for frequency value extraction. STAR
simply defaulted to the closest predominating
node. Therefore, this analysis is
limited to data gathered from the dominant natural frequency values only.
Curve fitting in STAR is a simple process. For this analysis, the advanced
curve-fitting tool in STAR is
utilized. There are three steps to this process. First, the
set of FRF data that will be used to determine the modal parameters is selected from
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a listing of the imported FRF's for the structure being analyzed. Second, STAR is
used to determine the global frequency and damping values of the modes of
vibration of the structure. Since the modal frequency and damping values are a
global property of the structure, any single FRF can be used to compute these
values. However, because the measured FRF's are estimates of the true FRF's (i.e.
always contain errors), using more than one FRF measurement to estimate the
modal frequency and damping values, in general gives more accurate results.
STAR does just this by using the multiple chosen FRF's to calculate the best (least-
squared-error) solution for the freq. & damping values of the structural modes. In a
two step process, STAR will process the FRF's and create a composite mode
indicator function (MIF), then from the results of the MIF, will solve a characteristic
matrix polynomial for the modal freq. and damping values over a user-specified
range. STAR will organize this data into a stability diagram, which will be used as a
guide to select freq. and damping values and assign them actual mode numbers.
For this study, the magnitude squared MIF function was used. The stability diagram
displays model size on the y-axis versus frequency on the x-axis. The model size
denotes the number of modes solved for in the frequency and damping estimate
process. In the stability diagram, the potential modes for each model size are
displayed as a row of circles superimposed on the MIF graph, in position along the
frequency axis. When a pole representing a natural frequency value is found, it is
denoted by a circle. In the following iteration of the
next model size, the poles found
are compared to the previous iteration. If the values are similar within prescribed
limits, the pole is shaded. This process typically
isolates the actual modes of the
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system and they will be observable by a vertical line of shaded circles that coincide
with a peak in the MIF graph. Fortunately the actual modes in this analysis were
relatively clear in that each obvious peak value on the plot also had a high stability
rating. These stability plots for the Y and X excitation direction anlaysis can be seen
in the following figures 6.3 and 6.7 respectively. The final step in the process is
estimating mode shapes. STAR allows the user to pick stable modes from the
stability diagram and assign them a mode number. STAR will then process the data
and compute a least-squares estimate of each mode shape component.
After processing the data results from the shaker tests in the X and Y











In theory, the values of natural frequency in the X and Y direction should be
identical. However, no experimental test is exact, and the contribution of possible
small non-linearities in the structure, and imperfect test data can be seen in that the
experimental results are not the same. It should be noted that these values are very
close to the pre-test results from the modal hammer analysis. For the correlation
study, a numerical representation of the
mode shape had to be developed. In
STAR, numerical data describing a mode shape can be extracted simply by picking
the desired frequency and requesting that the respective data set be displayed. The
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frequency values chosen for the correlation study were derived directly from peak
values picked on the stability plots.
The data that STAR provides for each frequency chosen in this study can be
seen in Appendix B. For each data point, STAR gives the numerical mode shape
value, and the corresponding phase. If the phase happened to be 180, the signage
was changed when the data was imported into the spreadsheets that can be seen
following each stability plot.
One very nice function of STAR is the ability to create animated plots of the
geometric model created for each analysis. This provides the viewer with a visual
aid that represents the mode shape. STAR allows the user to capture individual
frames strategically so the mode shape can be described graphically on paper.
Figures 6.4, 6.5 and 6.6 graphically describe the Y-direction mode shapes, and
Figures 6.8, 6.9, & 6.10 describe the X-direction mode shapes.
In figure 6.4, we can see that the first Y-direction mode shape appear to be a
predominant bending motion about an x-axis near the base, and a minor bending
about a vertical z-axis, near the rear of the column.
In figure 6.5, the second Y-direction mode shape is similar to the first, but the
x-axis about which it is bending is located higher in the column.
In figure 6.5, the third Y-direction mode shape can be described as a bending
motion about a vertical z-axis near the front of the machine, and secondary bending
in a x-axis centered in the hob column.
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In figure 6.8, the first X-direction mode shape can be described as bending
about a vertical z-axis on side of the machine opposite the operator for the hob
column and axial slide. The hob head twists about a central z-axis.
In figure 6.9, the second X-direction mode shape is a near constant deflection
in the X-direction for the hob column and axial slide while the hob head is bending
about a tilted vertical axis towards the operator in the y-z plane.
In figure 6.10, the third X-direction mode shape is a common twisting/bending




OFound Frequency Stable #F&D Stable F&D Still Stable
33.50 (Freq)
Hz 161.00

















Trace A : # 2:75.95 Hz
Mode # : 2
Frequency : 75.95 Hz






Trace A : # 3:125.58 Hz
Mode # : 3
Frequency : 125.58 Hz







OFound Frequency Stable #F&D Stable #F&D Still Stable
16
15 -

























Figure 6.8: X-Direction f Mode Shape
55
Project : GP130X
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Correlating the data results from the ANSYS analytical model and the STAR
experimental model will allow the determination of the relative accuracy of the
analytical model. The nodes picked in ANSYS to be used for developing the data
set for this correlation corresponded with specific geometric nodes in the STAR
model. These node relationships can be seen in the following tables.









































































































For the GP130 hobber analysis, data from the analytical analysis shown in Chapter
5 and data from the experimental analysis shown in Chapter 6 are compared using a
numerical method called the Modal Assurance Criterion (MAC). The theory and
equations used in this method of comparison can be seen in the Data Correlation
section of chapter 2. The MAC value will be close to unity for a perfect correlation
and close to zero if the mode shapes are completely unrelated. The following tables










54.2 63.3 67.0 79.4 88.5 127.4
54.1 0.99 0.23 0.96 0.94 0.96 0.52 0.51
76.0 0.76 0.03 0.64
<
0.78 0.64 0.18 0.34
125.6 0.40 0.59 0.66 0.46 0.69 0.46 0.70 0.97














54.2 63.3 67.0 79.4 88.5 127.4
59.9 0.03 0.50 0.47 0.59 0.13 0.71 0.00
76.9 0.15 0.22 0.80 0.48 0.28 0.53 0.01
126.6 0.06 0.21 0.00 0.36 0.02 0.12 0.08 0.69
MAC Matrix for Mode Shapes X Direction
By observation we can see that the acceptable Y-direction MAC values
correspond to frequency values that are not identical, but close. There are
additional occasions in the Y-direction data where the MAC values are high, but the
frequencies are not anywhere near the same. This is not unusual in this type of
analysis because unique mode shapes can share common Y-direction
characteristics, and at the same time be very different in the X-direction. For
example, in the Y-direction matrix, there
are four different frequencies that have a
MAC value greater than 0.9. Upon inspection of the mode shapes from ANSYS, it
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can be seen that the Y-direction mode shape of the hob column is very similar to
that seen from the experimental data. However, the hob head is vibrating quite
differently in the other modes showing high MAC values at higher frequencies.
The X-direction data has a greater difference in the frequency values
associated with high MAC values. This could possibly be attributed to inaccuracy or
improper simplification of the machine components in the finite element model, or
inaccuracies in the modal test. In the finite element model, the X-direction excitation
involves much more simplification of machine components than the Y-direction. In
an ideal world, we can hope that everything works out exactly, but data is often less
than perfect for any one of numerous potential reasons. A common misconception
whenever a correlation study between the real and the analytical is conducted is that
the experimental data taken from the actual physical system is correct. In reality,
there are as many variables, if not more, in the experimental analysis that can cause
errors than in the analytical analysis.
Unfortunately, the exact values of the natural frequencies cannot be
pinpointed from this comparison. However, we can see from the MAC matrix that
we have three definite natural frequencies of vibration for the GP130 machine. The
highlighted MAC values were chosen over other high values in the matrix after
visually comparing the
respective mode shape output data from ANSYS and STAR
in each case. Because the data is not perfect and correlation data was not exact,
the three natural frequencies from the experimental data in the Y-direction will be
used to represent the machine natural frequencies. The experimental set was
chosen instead of the analytical because the data is taken from the actual machine,
61
and the Y-direction set was chosen over the X-direction set because there are fewer
areas that could contribute to a possible non-linearity in the data. These values,






Although in the big picture they may not seem important, cutting tool
excitation frequencies can create resonant motion in the machine structure if they
coincide with the machines natural frequencies of vibration. There are many factors
that determine the extent of this interaction between the machine and the cutting
tool. A very basic look into the dynamics of this relationship shows that there are
three important factors that will determine the effect the cutter has on the machine
during cutting programs. They are:
a) The number of gashes in the hob cutting tool.
b) The rotational speed at which the cutter operates
c) The feed rate at which the cutter removes material.
The simple equation used to determine the frequency of excitation of a cutting tool
is:
Frequency (Hz) = # of Gashes in the cutter
*
Rotational Speed (rev/sec)
The intensity or the level of energy that this excitation is applied to the machine is
related to the feed rate of the cutting tool. The faster the feed rate, the higher the
energy applied to the system
will be. From the frequency analysis of the machine,





We shall consider these values and a band 5 Hz above and below these values to
be critical ranges for cutter excitation. Figure 8.1 shows the excitation frequency of
several hobbers overlaid with the critical ranges. It is very clear that most of the
combinations shouldn't cause any problems, but p/n 29503244 and p/n 29501461
both fall in the critical range of the 127 Hz machine natural frequency. This does not
mean that these cutters are not usable in any application, just that careful attention
should be paid to the selection of feed rates and spindle speeds using these cutters
because the excitation is in a known region of a machine mode. The details to
create figure 8.1 were obtained from the Gleason Works and are summarized in the
table following figure 8.1 . Some consideration should be given to the possible
excitation of the machine at harmonic multiples of the natural frequencies. The
amplitude of excitation will be far less than the primary mode, but this potential














































































































































































































































































































































































































































































Many facets of the Gleason GP130 were designed in virtual space using
3-
dimensional computer models for conception and related analysis. A very important
consideration in the design of any machine at the Gleason Works is the vibration
signature. During the design process, simplified models of machine components
were used for analysis, and results from these analyses contributed to critical design
decisions. To determine the accuracy of these results, a traditional experimental
modal analysis of a production GP130 machine was completed in a targeted region
from 0-150 Hz. The results were then correlated with the analytical models used in
the design process. The vibration signatures of the hob column and hob head areas
of the machine were used in an examination of the known excitation frequencies of a
group of hob cutting tools. With this data, it was determined which hob cutters could
pose potential problems with the machine dynamics during use.
As expected, the direction with the least simplification in the finite element
model (Y-direction) was most accurate. With increased simplification, came
increased discrepancies between the analytical and experimental data (X-direction).
However, the blame for imperfect correlation data cannot be solely placed on the
simplified finite element models. It is very possible that the experimental analysis
process could have contributed to the less than perfect data.
Experiment data could be improved in several ways. The process of
obtaining experimental data should be
refined. Care should be taken to ensure that
the machine used for experimental analysis is in exactly the same physical setup as
the analytical model. Because this analysis is dealing with components of such
67
large mass, analysis results can be drastically changed when the machine position
is not exact. As in any field of experimental research, improved data acquisition
equipment will return a cleaner signal that is easier to use.
Continued research into the modeling of complex mechanical components
using simple finite elements will be beneficial to this type of analysis. Some future
recommendations for general model simplification methods would include a separate
lumped parameter analysis of the large components of the machine. When
considering rigid body modes, this type of analysis could prove beneficial in
determining the actual stiffness characteristics of the interfaces between the large
casting components of the GP130. This data can then be used to verify, or modify if
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GLOBAL STATUS
ANSYS - Engineering Analysis System
Release 5.4 00103071





ANSYS Service Packs Installed:
999999 ANSYS 5.4 Service Pack 4
Total connect time.
Total CP usage. . .
0 hours 44 minutes














































. C : \ansys54\DOCU\UIFUNC2 . GRN






.are not shown in the user interface
C:\ansys54\DOCU\UIFUNCl.GRN
C : \ansys54 \DOCU\UIFUNC2 . GRN


























Real constant sets 29
Material property sets. . . 1
Coupling 0
Constraint equations. ... 0
Master DOFs 0

















Constraints on nodes. . .
Constraints on keypoints.
Constraints on lines. . .





Forces on nodes . .
Forces on keypoints
Surface loads on elements
Number of element flagged surfaces
Surface loads on lines
Surface loads on areas
Body loads on elements.
Body loads on nodes . .
Body loads on keypoints
Temperatures
Uniform temperature. . . .
Reference temperature. . .





Linear acceleration 0.00000 0.00000 0.00000
Angular velocity (about global CS) . . . . 0.00000 0.00000 0.00000
Angular acceleration (about global CS) . . 0.00000 0.00000 0.00000
Location of reference CS 0.00000 0.00000 0.00000
Angular velocity (about reference CS) . . 0.00000 0.00000 0.00000
Angular acceleration (about reference CS) 0.00000 0.00000 0.00000
ROUTINE INFORMATION -
Current routine General Postprocessor (P0ST1)
Active coordinate system 0 (Cartesian)
Display coordinate system 0 (Cartesian)
Analysis type Modal





Results coordinate system 0 (Global Cartesian)














EVALUATE MATERIAL PROPERTIES FOR MATERIALS 1 TO 1 IN INCREMENTS OF
MATERIAL NUMBER = 1 EVALUATED AT TEMPERATURE OF 0.00000
EX = 0..16500E+08
NUXY = 0.,33000
GXY = 0 .62030E+07
ALPX = 0.00000


























































































































































































































































































0 0 0 0 0
3-D TET STRUC. SOL. WITH ROT
0 0 0 0 0 0 0
INOPR
ELEMENT TYPE 2 IS SHELL63
KEYOPT(l-12)= 0 0 0 0 0
ELASTIC SHELL
0 0 0 0 0 0 0
INOPR
ELEMENT TYPE 3 IS SHELL63 ELASTIC SHELL
KEYOPT(l-12)= 000 000 000 0 0 0
INOPR
ELEMENT TYPE 4 IS COMBIN14 SPRING-DAMPER





0 2 0 0 0
SPRING-DAMPER





0 3 0 0 0
SPRING-DAMPER
0 0 0 0 0 0 0
INOPR
ELEMENT TYPE 7 IS COMBIN14 SPRING-DAMPER





0 0 1 0 0
SPRING-DAMPER
0 0 0 0 0 0 0
INOPR
CURRENT NODAL DOF SET IS UX UY
THREE-DIMENSIONAL MODEL
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INDEX OF DATA SETS ON RESULTS FILE *****













1. HOB COLUMN NODES (Y-DIRECTION EXCITATION)
LOAD STEP= 1 SUBSTEP= 1
FREQ= 42.879 LOAD CASE= 0























LOAD STEP= 1 SUBSTEP= 2
FREQ= 47.320 LOAD CASE= 0
























LOAD STEP= 1 SUBSTEP= 3
FREQ= 54.229 LOAD CASE= 0























LOAD STEP= 1 SUBSTEP= 4
FREQ= 63.247 LOAD CASE= 0
THE FOLLOWING DEGREE OF FREEDOM RESULTS ARE IN GLOBAL COORDINATES
NODE UY
2438 -0 -01

















6219 -0. 33502E- 01




LOAD STEP= 1 SUBSTEP= 5
FREQ= 67.040 LOAD CASE= 0























LOAD STEP= 1 SUBSTEP= 6
FREQ= 79.434 LOAD CASE= 0


































LOAD STEP= 1 SUBSTEP= 7
FREQ= 88.536 LOAD CASE= 0























LOAD STEP= 1 SUBSTEP= 8
FREQ= 127.42 LOAD CASE= 0
























LOAD STEP= 1 SUBSTEP= 9
FREQ= 142.90 LOAD CASE= 0
















3560 -0 . 42094E--01
3561 -0 -01
6147 -0 . 51216E--02





2. HOB COLUMN NODES (X-DIRECTION EXCITATION)
LOAD STEP= 1 SUBSTEP= 1
FREQ= 42.879 LOAD CASE= 0



















LOAD STEP= 1 SUBSTEP= 2
FREQ= 47.320 LOAD CASE= 0




















LOAD STEP= 1 SUBSTEP= 3
FREQ= 54.229 LOAD CASE= 0



















LOAD STEP= 1 SUBSTEP= 4
FREQ= 63.247 LOAD CASE= 0




















LOAD STEP= 1 SUBSTEP= 5
FREQ= 67.040 LOAD CASE= 0



















LOAD STEP= 1 SUBSTEP= 6
FREQ= 79.434 LOAD CASE= 0




















LOAD STEP= 1 STJBSTEP= 7
FREQ= 88.536 LOAD CASE= 0



















LOAD STEP= 1 SUBSTEP= 8
FREQ= 127.42 LOAD CASE= 0




















LOAD STEP= 1 SUBSTEP= 9
FREQ= 142.90 LOAD CASE= 0




















3. AXIAL SLIDE NODES (X-DIRECTION EXCITATION)
LOAD STEP= 1 SUBSTEP= 1
FREQ= 42.879 LOAD CASE= 0
















LOAD STEP= 1 SUBSTEP= 2
FREQ= 47.320 LOAD CASE= 0

















LOAD STEP= 1 SUBSTEP= 3
FREQ= 54.229 LOAD CASE= 0




1521 0 . 19946E--01
1663 0 -02
1672 -0 . 82890E--02
1685 -0 -01
1699 -0 -01







LOAD STEP= 1 SUBSTEP= 4
FREQ= 63.247 LOAD CASE= 0

















LOAD STEP= 1 SUBSTEP= 5
FREQ= 67.040 LOAD CASE= 0
















LOAD STEP= 1 SUBSTEP= 6
FREQ= 79.434 LOAD CASE= 0
THE FOLLOWING DEGREE OF FREEDOM RESULTS ARE IN GLOBAL COORDINATES
NODE UX
1478 -0 . 60464E--02
1481 -0 . 65765E--02
1521 -0 -01
1663 -0 -02











2528 -0. 23936E- 01
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LOAD STEP= 1 SUBSTEP= 7
FREQ= 88.536 LOAD CASE= 0
































THE FOLLOWING DEGREE OF
























LOAD STEP= 1 SUBSTEP= 9
FREQ= 142.90 LOAD CASE= 0















2528 -0 . 16576E--01
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4. HOB HEAD NODES (X-DIRECTION EXCITATION)
LOAD STEP= 1 SUBSTEP= 1
FREQ= 42.879 LOAD CASE= 0























LOAD STEP= 1 SUBSTEP= 2
FREQ= 47.320 LOAD CASE= 0
























LOAD STEP= 1 SUBSTEP= 3
FREQ= 54.229 LOAD CASE= 0














1350 0 . 12487E--01
1356 0. -01







LOAD STEP= 1 SUBSTEP= 4
FREQ= 63.247 LOAD CASE= 0
THE FOLLOWING DEGREE OF FREEDOM RESULTS ARE IN GLOBAL COORDINATES
NODE UX


























LOAD STEP= 1 SUBSTEP= 5
FREQ= 67.040 LOAD CASE= 0













1340 0 . 66941E--01
1350 -0 -02
1356 0 -02







LOAD STEP= 1 SUBSTEP= 6
FREQ= 79.434 LOAD CASE= 0
THE FOLLOWING DEGREE OF FREEDOM RESULTS ARE IN GLOBAL COORDINATES
NODE UX
966 -0 . 85440E--01
986 -0 . 57419E--01
1035 -0 . 20477E--01





























LOAD STEP= 1 SUBSTEP= 7
FREQ= 88.536 LOAD CASE= 0












1272 0 . 37463E--01
1340 0 -01









LOAD STEP= 1 SUBSTEP= 8
FREQ= 127.42 LOAD CASE= 0




































THE FOLLOWING DEGREE OF FREEDOM RESULTS ARE IN GLOBAL COORDINATES
NODE UX
966 0. 50557E-01





































C0MBIN14 has longitudinal or torsional capability in one, two, or three
dimensional applications. The longitudinal spring-damper option is a uniaxial
tension-compression element with up to three degrees of freedom at each
node: translations in the nodal x, y, and z directions. No bending or torsion is
considered. The torsional spring-damper option is a purely rotational element
with three degrees of freedom at each node: rotations about the nodal x, y, and
z axes. No bending or axial loads are considered.
The spring-damper element has no mass. Masses can be added by using the
appropriate mass element (see MASS21). The spring or the damping capability
may be removed from the element See Section 14. 14 in the ANSYS Theory
Reference for more details about this element A general spring or damper is
also available in the stiffness matrix element (MATRIX27) and is described in
Section 4.27. Another spring-damper element (having its direction of action
determined by the nodal coordinate directions) is described in Section 4.40.
Figure 4.14-1 COMBIN14 Spring-Damper
TORQUE,
NoteTwo-dimensional elements must lie in the X-Y plane
~-~J
4.14.1 Input Data
The geometry, node locations, and the coordinate system for this element are
shown in Figure 4. 14-1. The element is defined by two nodes, a spring
ABSYS ElementsReference . 001014 . TenthEditim . SAS IP, Inc.
4-95
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4-96
constant (k) and damping coefficients (cv)i and (cv)2. The damping capability is
not used for static or undamped modal analyses. The longitudinal spring
constant should have units of Force/Length, the damping coefficient units are
ForceTime/Length. The torsional spring constant and damping coefficient
have units of Force*LengtWRadian and Force*Length*Time/Radian,
respectively. For a two-dimensional axlsymmetric analysis, these values
should be on a full
360
basis.
The damping portion of the element contributes only damping coefficients to the
structural damping matrix. The damping force (F) or torque (T) is computed
as:
Fx=
-cv dux/dt orT9 = -cv d8/dt
where cv is the damping coefficient given by cv=(cv)i + (cv)2v.
v is the velocity calculated in the previous substep. The second damping
coefficient (cv)2 is available to produce a nonlinear damping effect characteristic
of some fluid environments. If (cv)2 is input (as real constant CV2), KEYOPT(1)
must be set to 1.
KEYOPT(2)= 1 through 6 is used for defining the element as a one-dimensional
element, With these options, the element operates in the nodal coordinate
system (see Section 2.3.2). The KEYOPT(2)=7 and 8 options allow the
element to be used in a thermal or pressure analysis.
A summary of the element input is given in Table 4.14-1. A general description
of element input is given in Section 2.1.
Table 4.14-1 COMBIN14 Input Summary
Element Name COMBIN14
Nodes I, J
Degrees of Freedom UX, UY, UZ if KEYOPT (3) = 0
ROTX, ROTY, ROTZ i KEYOPT (3) - 1
UX, UY if KEYOPT (3) = 2
see list below if KEYOPT(2)> 0




Special Features Nonlinear(if CV2 is not zero), Sress stiffening, Large deflection,
Birth and death
KEYOPTfl)
0- Linear Solution (default)
1 - Nonlinear solution (required ifCV2 is non-zero)






0 - Use KEY0PT(3) options
1 - 1-D longitudinal spring-damper (UX degree offreedom)
2 - 1-D longitudinal spring-damper (UY degree offreedom)
3 - 1-D longitudinal spring-damper (UZ degree offreedom)
4 - 1-D Torsional spring-damper (ROTX degree offreedom)
5 - 1-D Torsional spring-damper (ROTY degree offreedom)
6 - 1-D Torsional spring-damper (ROTZ degree offreedom)
7 - Pressure degree offreedom element
8 - Temperature degree offreedom element
/Vff-KEYOPT(2) overrides KEYOPT(3)
0-3-D longitudinal spring-damper
1 -3-D torsional spring-damper
2 - 2-D longitudinal spring-damper (2-D elements must lie inan
X-Y plane)
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SHELL63 has both bending and membrane capabilities. Both in-plane and
normal loads are permitted. The element has six degrees offreedom at each
node: translations in the nodal x, y, and z directions and rotations about the
nodal x, y, and z axes. Stress stiffening and large deflection capabilities are
included. A consistent tangent stiffness matrix option is available for use in
large deflection (finite rotation) analyses. See Section 14.63 of the ANSYS
Theory Reference for more details about this element Similar elements are
SHELL43 and SHELL181 (plastic capability), and SHELL93 (mid-side node
capability). The ETCHG command converts SHELL57 and SHELL157 elements
to SHELL63.





Note - x and y are in the plane of the element
4.63.1 Input Data
The geometry, node locations, and the coordinate system for this element are
shown in Figure 4.63-1. The element is defined by four nodes, four
ASS7SElements Reference . 001014 . Terah Edition. . SAS IP. Inc."
4-449
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thicknesses, an elastic foundation stiffness, and the orthotropic material
properties. Orthotropic material directions correspond to the element
coordinate directions. The element coordinate system orientation is as
described in Section 2.3. Properties not input default as described in Section
2.4. The element x-axis may be rotated by an angle THETA (in degrees).
The thickness is assumed to vary smoothly over the area of the element, with
the thickness input at the four nodes. If the element has a constant thickness,
only TK(I) need be input If the thickness is not constant, all four thicknesses
must be input
The elastic foundation stiffness (EFS) is defined as the pressure required to
produce a unit normal deflection of the foundation. The elastic foundation
capability is bypassed if EFS is less than, or equal to, zero.
For certain nonhomogeneous or sandwich shell applications, the following real
constants are provided: RMI is the ratio of the bending moment of inertia to be
used to that calculated from the input thicknesses. RMI defaults to 1.0. CTOP
and CBOT are the distances from the middle surface to the extreme fibers to be
used for stress evaluations. Both CTOP and CBOT are positive, assuming that
the middle surface is between the fibers used for stress evaluation. If not input,
stresses are based on the input thicknesses. ADMSUA is the added mass per
unit area.
Element loads are described in Section 2.7. Pressures may be input as surface
loads on the element faces as shown by the circled numbers on Figure 4.63-1.
Positive pressures act into the element Edge pressures are input as force per
unit length. The lateral pressure loading may be an equivalent (lumped)
element load applied at the nodes (KEYOPT(6)=0) or distributed over the face
of the element (KEYOPT(6)=2). The equivalent element load produces more
accurate stress results with flat elements representing a curved surface or
elements supported on an elastic foundation since certain fictitious bending
stresses are eliminated.
Temperatures may be input as element body loads at the
"corner"
locations
(1-8) shown in Figure 4.63-1. The first corner temperature T1 defaults to
TUNIF. If all other temperatures are unspecified, they default to T1. If only T1
and T2 are input, T1 is used for T1, T2, T3, and T4, while T2 (as input) is used
for T5, T6, T7, and T8. For any other input pattern, unspecified temperatures
default to TUNIF.
KEYOPT(1) is available for neglecting the membrane stiffness or the bending
stiffness, if desired. A reduced out-of-plane mass matrix is also used when the
bending stiffness is neglected.
KEYOPT(2) is used to activate the consistent tangent stiffness matrix (j.e., a
matrix composed of the main tangent stiffness matrix plus the consistent stress




stiffness matrix) in large deflection analyses [NLGEOM.ON]. You can often
obtain more rapid convergence in a geometrically nonlinear analysis, such as a
nonlinear buckling or postbuckling analysis, by activating this option. However,
you should not use this option if you are using the element to simulate a rigid
link or a group of coupled nodes. The resulting abrupt changes in stiffness
within the structure make the consistent tangent stiffness matrix unsuitable for
such applications.
KEYOPT(3) allows you to include (KEYOPT(3)=0 or 2) or suppress
(KEYOPT(3)= 1) extra displacement shapes. It also allows you to choose the
type of in-plane rotational stiffness used:
KEYOPT(3)=0 or 1 activates a spring-type in-plane rotational stiffness
about the element z-axis
KEYOPT(3)=2 activates a more realistic in-plane rotational stiffness
(Allman rotational stiffnessthe program uses default penalty parameter
values of 6i = 1.0E-6 and 62= 1.0E-3).
Using the Allman stiffness will often enhance convergence behavior in large
deflection (finite rotation) analyses of planar shell structures (i.e., flat shells or
flat regions of shells).
KEYOPT(7) allows a reduced mass matrix formulation (rotational degrees of
freedom terms deleted). This option is useful for improved bending stresses in
thin members under mass loading.
KEYOPT(8) allows a reduced stress stiffness matrix (rotational degrees of
freedom deleted). This option can be useful for calculating improved mode
shapes and a more accurate load factor in linear buckling analyses of certain
curved shell structures.
A summary of the element input is given in Table 4.63-1. A general description
of element input is given in Section 2.1.
Table 4.63-1 SHELL63 Input Summary
Element Name SHELL63
Nodes I, J, K, L
Degrees of Freedom UX, UY, UZ, ROTX, ROTY, ROTZ
Real Constants TK(I), TK(J), TK(K), TK(L), EFS, THETA,
RMI, CTOP, CBOT, (Blank), (Blank), (Blank),
(Blank), (Blank), (Blank), (Blank), (Blank), (Blank),
ADMSUA
Material Properties EX, EY, EZ, (PRXY, PRYZ, PRXZ or NUXY, NUYZ, NUXZ), ALPX,
ALPY, ALPZ, DENS, GXY, DAMP
ASSYSElementsReference . 001044 . Tenth Edition . SAS IP, Inc. "
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Surface Loads Pressures:
face 1 (l-J-K-L) (bottom, in +Z direction),
face 2 (l-J-K-L) (top, in -Z direction),
face 3 (J-I),face 4 (K-J), face 5 (L-K).face 6 (l-L)
Body Loads Temperatures: T1, T2, T3, T4, T5, T6, T7, T8
Special Features Stress stiffening. Large deflection, Birth and death
KEYOPT(1 ) 0 - Bending and membrane stiffness
1 - Membrane stiffness only
2 - Bending stiffness only
KEYOPT(2) 0 - Use only themain tangent stiffness mark when NLGEOMls
ON. (Stress stiffening effects used In linear buckling or other linear
prestressed analyses must be activated separately with
PSTHES.ON.)
1 - Use the consistent tangent stiffness mark (i.e., a matrix
composed of themain tangent stiffness matrix plus the consistent
sress stiffness marix) when NLGEOM isON and when
KEYOPT(1)=0. (SSTIF.ON will be Ignored for this element when
KEYOPT<2)=1 Is activated.) Note that if SOLCONTROLis ON and
NLGEOM is ON, KEYOPT(2) is automatically set to 1; i.e., the
consistent tangent will be used.
KEYOPT(3) 0 - Include exra displacement shapes, and use spring-type
in-plane rotational stifTness about the element z-axis (the program
automatically adds a small stiffness to prevent numerical instability
for non-warped elements if KEYOPT(1)=0).
1 - Suppress exra displacement shapes, and use spring-type
In-plane rotational stiffness about the element z-axis (the program
automatically adds a small stiffness to prevent numerical instability
for non-warped elements if KEYOPT(1)=0).
2 - Include extra displacement shapes, and use theAllman
in-plane rotational stiffness about the element z-axis). See
Section 14.43.6 of the ANSYS Theory Reference.
KEYOPT(5) 0
- Basic element printout
2 - Nodal sress printout
KEYOPT(6)
0- Reduced pressure loading (mustbeused if KEYOPT(1)=1)
2 - Consistent pressure loading
KEYOPT(7) 0
- Consistentmass marix




consistent sress stiffness marix (default)
1 - Reduced sress stiffness marix
K EYOPT(9 ) 0
- No user subroutine to define element coordinate system
4 - Element x-axis located by user subroutine USERAN
















SOLID72 3-D 4-Node Tetrahedral
Structural Solid with Rotations
SOLID72 is well suited to model irregular meshes (such as produced from
various CAD/CAM systems). The element is defined by four nodes having six
degrees offreedom at each node: translations in the nodal x, y, and z
directions and rotations about the nodal x, y, and z directions. The element
also has stress stiffening capability. A 10-node tetrahedral element without
rotational degrees of freedom is described in Section 4.92.
The SOLID72 element can often be used in place of the SOLID92 element to
reduce the wavefront and solution time (since it does not have midside nodes).
Although the element has additional degrees of freedom per node, it is not as
accurate as the SOLID92 element. See Section 14.72 of the/WSyS Theory
Reference for more details about this element.
Figure 4.72-1 SOLID72 3-D 4-Node Tetrahedral Structural Solid with
Rotations
4.72.1 Input Data
The geometry, node locations, and the coordinate system for this element are
shown in Figure 4.72-1. Beside the nodes, the element input data includes the
ANSYS ElementsReference .001014.Tenth Edition . SAS IP, Inc.
4-S07
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orthotropic material properties. Orthotropic material directions correspond to
the element coordinate directions. The element coordinate system orientation
Is as described in Section 2.3. Properties not input default as described in
Section 2.4.
Element loads are described in Section 2.7. Pressures may be input as surface
loads on the element faces as shown by the circled numbers on Figure 4.72-1.
Positive pressures act into the element. Temperatures may be input as element
body loads at the nodes. The node I temperature T(l) defaults to TUNIF. If all
other temperatures are unspecified, they default to T(l). For any other input
pattern, unspecified temperatures default to TUNIF.
A summary of the element input is given in Table 4.72-1. A general description
of element input is given in Section 2.1.












UX, UY, UZ, ROTX, ROTY, ROTZ
None
EX, EY, EZ, ALPX, ALPY, ALPZ, (PRXY, PRYZ, PRXZ
or NUXY, NUYZ, NUXZ), DENS, GXY, GYZ, QXZ, DAMP
Pressures:
face 1 (J-l-K), face 2 (l-J-L),
face 3 (J-K-L),face 4(K-I-L)
Temperatures:
T(I),T(J).T(K),T(L)
Sress stiffening. Birth and death
0 - Basic element printout
1 - Integration point printout
2 - Nodal sress printout
0 - No energy error information
written to post data file
1 - Write energy error information
(see POST1 PRERR command)
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